A REVISED DESIGN CONCEPT FOR 
THE A-7E APPROACH POWER COMPENSATOR SYSTEM 






Pa vid H ? 1 ey Finney 












Library 

Naval Postgraduate School 
Monterey, California 93940 





March 1973 



AppAovtd ^ ofi pubLic. A&texise.; dbb&uJoujLLon unZdj/nttud. 



A Revised Design Concept 
for 

the A-7E Approach Power Compensator System 



by 



David Haley Finney 
Lieutenant, United States Navy 
B.S., United States Naval Academy, 1967 



Submitted in partial fulfillment of the 
requirements for the degree of 



MASTER OF SCIENCE IN AERONAUTICAL ENGINEERING 



from the 

NAVAL POSTGRADUATE SCHOOL 
March 1973 



Library 

Naval Postgraduate School 
Monterey, California 93940 



ABSTRACT 

The present concept of automatic throttle control, as employed in 
Navy carrier-based aircraft, was investigated. The aircraft chosen for 
study was the A-7E. The powerplant was the TF41-A-2, a turbofan engine 
with a relatively slow throttle response in the approach power range. 

The effects of additional inputs to the approach power compensator 
were evaluated. It was shown that a considerable increase in performance 
could be achieved through the incorporation of longitudinal feedback. 

In addition, the limitations imposed on performance by large engine lags 
were found to be much less severe for systems with longitudinal feedback. 
The modifications suggested require a redesign of the approach power 
compensator system currently in use by the Navy. 
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I. INTRODUCTION 



A. APCS PERFORMANCE OBJECTIVES 

The primary purpose of an approach power compensator system (APCS) 
in Navy carrier-based aircraft is to provide the thrust necessary to 
maintain the correct airspeed during carrier approach and landing. The 
APCS can be used either in an automatic carrier landing system (ACLS) 
or in a piloted, manual approach. Although airspeed systems exist 
[Ref. l], the systems utilized in Navy aircraft attempt to maintain a 
constant angle of attack (AOA) . Supplementary inputs, such as normal 
acceleration and elevator crossfeed, are usually employed in an effort 
to maintain the "on-speed" AOA. Since the on-speed value of AOA does 
not vary from approach to approach, there is no indexing requirement. 

In an airspeed system, however, the reference airspeed is a function 
of the aircraft configuration in the landing approach. As configuration 
variables, such as weight, vary from approach to approach, so does the 
reference airspeed. This is an important factor in favor of an AOA 
system. The pilot workload which airspeed indexing would add to an 
already demanding task probably would not be tolerated, and the designer 
of an approach power compensator system should bear this in mind. 

Military specifications reflect the objective of maintaining a 
constant AOA. Reference 2 states that the output of the APCS shall be 
proportional to error in AOA, change in normal acceleration, integral 
of AOA error, and elevator position. As is noted in Ref. 1, it appears 
that the APCS design concept is overly restricted by military specifi- 
cations. However, these specifications do point out the current Navy 
APCS concept. 
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B. AIRCRAFT 



The aircraft chosen for study was the A-7E, a light-attack, carrier- 
based aircraft of approximately 20,000 pounds empty gross weight. The 
A-7E was chosen because it was one of two aircraft included in a previous 
study of Navy approach power compensator problems and requirements 
[Ref. 1] and because the author has had personal experience as an A-7A 
pilot. 

The A-7E powerplant is a turbofan engine whose throttle response 

i 

is characterized by a relatively long and nonlinear time constant in 
the approach thrust range. The APCS is an AOA system with inputs of 
AOA, integral of AOA, normal acceleration, and unit horizontal tail 
(UHT) movement. A detailed description of the system is contained in 
Ref. 3. 

C. PREVIOUS STUDIES 

Systems Technology, Incorporated conducted a study of Navy approach 
power compensator problems and requirements [Ref. l] . The following is 
a summary of pertinent conclusions and recommendations: 

1. A fundamental conceptual difficulty with current APCS’s is 
the use of AOA feedback to constrain both AOA and airspeed, as 
the two are only in phase at low frequencies. Thus, it is 
possible to control only one of these or a linear combination 
of the two with a single control input. As a consequence, APCS 
design involves a compromise between these constraints. 

2. Airframe characteristics restrict the ability to achieve 
satisfactory performance. Engine response time is a fundamental 
problem area, as the APCS cannot augment the dynamics without 
excessively overdriving the engine. It was recommended that 
the effect of engine lag on APCS performance be investigated 

in detail with a view toward specifying necessary characteristics. 
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3. Gust response within the current APCS concept will, in 
general, be poor. Gust proofing against longitudinal gusts 
with an AOA system is difficult. Gust proofing against 
vertical gusts has minimal effect, as the dominant response 
is determined by the short period characteristics. 

4. It was recommended that the effects of additional 
feedbacks to the APCS be analyzed in relation to gust 
response and to optimum performance for separate con- 
figurations of fully automatic and manually controlled 
systems . 

The Naval Air Test Center conducted an evaluation of the APCS in 
the A-7E [Ref. 3]. The emphasis was on optimizing the performance of 
the APCS for both manual and ACLS approaches with minimal material and 
design modifications. The recommended modifications were basically 
changes in feedback gains and the incorporation of a dual time constant 
in the UHT crossfeed circuit. A shorter time constant was used for 
nose up corrections than for nose down corrections, with the net result 
that the UHT input was more effective for nose up than for nose down 
attitude changes. 



D. OBJECTIVES 

The purpose of this research was to improve the performance of the 
APCS of the A-7E aircraft as used in the ACLS. Specifically, the 
effects of additional inputs to the APCS computer were evaluated with a 
goal of improving the current concept of APCS design. In addition, the 
effect of engine response time on APCS performance was determined. 
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II. METHOD OF ANALYSIS 



A. DESCRIPTION OF THE MODEL 

The fully automatic carrier landing mode was selected for study in 
this analysis of the APCS. The manual mode with the pilot in the loop 
was not considered. Thus, the total closed loop system consisted of 
the airframe, the engine, the approach power compensator, the longitu- 
dinal automatic flight control system (AFCS) , and the automatic carrier 
landing system. 

The aircraft equations of motion were linearized about the steady 
state approach conditions in accordance with standard small perturbation 
theory, as described by Etkin [Ref. 4]. Lateral-directional dynamics 
were not included. The resultant equations are shown in Figure 1. Air- 
craft stability derivatives and other parameter values were taken from 
Ref. 1 and are listed in Table I. Force and moment stability deriva- 
tives are normalized with respect to mass and moment of inertia, respec- 
tively. Hence, mass and moment of inertia do not appear explicitly in 
the equations of motion, as they do in Etkin 1 s notation. 

The A-7E engine is the TF41-A-2 turbofan. Reference 5 contains an 
analysis of the thrust-power lever relationship for a range of operating 
conditions. The nominal approach thrust for the operating conditions 
as shown in Table I is 3000 pounds. In this range of thrust, the engine 
response time constant is a nonlinear function of thrust. The relation- 
ship between the engine time constant, T , and thrust, and the relation- 
ship between thrust and power lever angle (6 T A ) for the given operating 
conditions are taken from Ref. 1 and are shown in Figure 2. An average 
value of 275 pounds thrust per degree Spj^ was used in the model. Thus, 
the variable engine lag was the only nonlinearity in the engine model. 
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Figure 3 is a schematic of the APCS loop closures. In small per- 
turbation theory, AOA is defined as w/Uq, in radians. Thus, the inputs 
to the APCS computer are proportional plus integral w, a^ (vertical 
acceleration corrected for accelerometer location), and a filtered UHT 
feedforward term. 

The APCS gains are a representative set listed as "PAX" gains in 

Ref. 1 and do not correspond exactly to those in use in the current A-7E 

APCS configuration. In addition, several simplifications were made to 

the APCS model. A complex pole at ten rad/sec in the throttle actuator 

response was neglected. This frequency is well beyond the range in 

which the APCS is effective. Throttle linkage hysteresis of 0.5 degrees 

was ignored. The implementation of a dual UHT input time constant, as 

described in the introduction, was not incorporated into the model. A 

gain adjust bias exists in the APCS which changes all APCS gains by the 

same amount to compensate for ambient air temperature effects <, The 

standard day value of 1.0 was usedo K , the vertical acceleration gain, 

z 

has two values, the smaller value being for load factors in excess of 
1.1 g ! s. Only the larger value was incorporated into the model. 

Both the longitudinal AFCS and the ACLS models were taken from 
Ref. 6. As above, the AFCS and ACLS gains were representative but were 
not necessarily identical to those currently in use. A complex pole 
and a first order lag at 20 rad/sec in the AFCS response was neglected. 
The AFCS output is a UHT deflection, which is a function of attitude 
error (0-0^), pitch rate, and normal acceleration. The automatic carrier 
landing system was represented by the A-7E SPN-42 longitudinal control 
equation. The output, a ship- to-aircraf t pitch command, is a function 
of the aircraft altitude error, Z^, measured perpendicular to the ideal 
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glide slope. In practice, the aircraft slant range and elevation are 
measured by the SPN-42 radar, corrected for ship motion and radar 
location, transformed into cartesian coordinates, and utilized to 
command an aircraft pitch angle. 

The AFCS and ACLS* longitudinal control equations are shown in 
Figure 4. APCS, AFCS, and ACLS gains are listed in Table II. 



B. DIGITAL SIMULATION 

1. Continuous System Modeling Program 

The closed loop system was simulated on the IBM 360 digital computer 
utilizing a digital simulation language, CSMP. CSMP is an acronym for 
Continuous System Modeling Program. The program is augmented by basic 
FORTRAN and provides a set of functional blocks which simulate such 
analog components as integrators, relays, and function generators. A 
detailed description of the program is contained in Ref. 7. A descrip- 
tion of CSMP functions used in the. simulation is provided in Table III. 



2 . CSMP Program Components 

A sample program and output are contained in Appendix A. The 
program consists of five major sections: the aircraft equations of 

motion and engine model, the APCS model, the AFCS model, the ACLS model, 
and a gust input model. 

a. Aircraft Equations of Motion and Engine Model 

The equations of motion as shown in Figure 1 were 
put into state format: 



{x} = [A] {X) + [B] {R} 

{Y} = [C] {X) + [D] {R} + [E] {Y} 



( 1 ) 
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where : 



{X} = 




h 




a 1 
z ) 



U3 




( 2 ) 



The A, B, C, D, and E matrices are listed in Table IV. 

The engine modeling consisted of two parts. As mentioned in 
section II. A. , a relationship of 275 pounds thrust per degree Sp-^ was 
assumed. The engine time constant, as shown in Figure 2, was approx- 
imated by a linear function generator of fifteen unequally spaced points. 
The thrust operating range modeled was ±2000 pounds about the nominal 
operating value of 3000 pounds, 
b. APCS Model 

The APCS equations were obtained from Figure 3. The 

throttle actuator, power lever, and engine gains were combined into a 

single parameter. As a result, the variable labeled M PLA M in the CSMP 

program is not the actual power lever angle. Gains and other constants 

in the feedback loops were also consolidated wherever possible. AOA 

and integral of AOA were kept distinct. For ease of programming, the 

6 1 / 6 transfer function was written as 
e e 




K 6 T s 
e w 

T s+1 
w 



s + 1/T 






w 



wi . tk 

6 Wl 



( 3 ) 



The UHT input equations in the simulation are in the form of the right 
side. of Equation (3). 
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c . AFCS Model 



The AFCS equations were obtained from the equation given 
in Figure 4 with numerical values substituted for the various gains, 
d. ACLS Model 

The altitude error, was defined as the negative of h, 

as the two are measured in opposite directions perpendicular to the 
ideal glideslope. The 0^/Z^ transfer function, as shown in Figure 4, 
was rearranged for programming as follows: 




K K 
c x 

K s+1 
P 





3.9 + 1 




t.K 

1 X + 1 


I 


R s 

X 




LG) + 3.5 + b 




s + 1 


*r 


-( 5 ) + 175 + 1 . 



= K 



s +a^s+a^ 



s(s+l/Kp)(s +7.l4s+25.0) 



where 



K K (97. 5R t +25.0) 
c x v x r ' 

3.9K 

P 



3.9+t.K 
1 x 

a i 3.9R t +1.0 
x r 



3 . 9t .K 

_ 1 x 

a 0 3.9R t +1.0 
x r 



Finally 




K 

— > # 

s 



s +a sH-a^ 

”3 2 

s +b^s+b^ 




( 5 ) 



where 



b 



2 




+ 7.14 



.14 

P 



25.0 



25.0 

K 

P 



15 



The SPN-42 equations in the simulation are in the form of the right 
side of Equation (5), 



e, Gust Model 



To simulate a random gust field, the output of a random 



number generator with a uniform amplitude distribution was passed . 



through a second-order filter with a break frequency of 1.0 rad/sec and 
a damping ratio of 0,707. The theoretical derivation of the spectral 
properties of the resultant signal is described in Appendix B. Vertical 
and horizontal RMS gust velocities of 5.0 ft/sec were used in the simu- 
lation. To insure identical gust signals for each run, a constant step 
size was used in the numerical integrations for all runs, 

f. RMS Velocity Error Criteria 

An RMS velocity error for u and w was used as a measure 
of APCS effectiveness. It was defined as: 



where T is the run length. 

g. Digital Simulation Error Analysis 

A fourth-order Runge-Kutta numerical integration scheme 
with a fixed step size was used in the simulation. Figure 5 is a plot 
of normal acceleration after 0.5 seconds versus step size for an initial 
altitude error. Plots of other system variables, after 0.5 seconds and 
at other values of time, show the same trend. A step size of 0.05 
seconds was chosen for the simulation. 





o 



( 6 ) 
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C. THEORETICAL ANALYSIS 



The theoretical analysis was primarily a root locus study of 
various APCS configurations. To reduce the multiple input, multiple 
output control system to a form adaptable to the analysis, a multiple 
loop analysis technique, documented in Ref. 8, was employed. An expla- 
nation of the method, including an example which covers all applications 
used in this study, is contained in Appendix C. Table V is a listing 
of the open loop aircraft numerators, cross product numerators, and the 
open loop denominator used in the analysis. 
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III. PROCEDURE 



A. DIGITAL SIMULATION RUNS 

.A standard set of runs for the digital simulation was utilized for 

each configuration of the APCS. The APCS configuration shown in Figure 

3 is referred to as the standard configuration. The length of the 

simulation runs was chosen to approximate the final approach phase of 

the carrier landing. Under SPN-42 control, two of the ACLS equation 

gains, R and K , are functions of range for a range greater than 
x x 

6000 ft. For ranges less than 6000 ft. the values of R and K are 

x x 

constant at the values shown in Table II 0 The ACLS equation employed 
was valid for range less than 6000 ft. to the point at which deck 
motion compensation is introduced. A run time of 30 seconds was chosen 
to approximate this phase of the approach. A set of six standard 
simulation runs was chosen to simulate system response to initial high 
and low airspeed and altitude errors and to vertical and longitudinal 
gust inputs. The set of conditions for the six runs were: 



(1) 


c 

o 

II 


5 


ft/sec. 


w(0) = -5 


ft/ sec 


(2) 


ll 

o 

'w' 

3 


- 5 


ft/ sec. 


w (0) = 5 


ft/ sec 


(3) 


z e (0) = 


10 


ft 






(4) 


z e (0) - 


-10 


ft 






(5) 


u = 

8 


5 


ft/ sec 






(6) 


w = 

8 


5 


ft/ sec 







Initial conditions and RMS gust velocities not specifically indicated 
in a run are zero. 
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B. ANALYSIS OF THE STANDARD APCS CONFIGURATION 



To apply the analysis technique described in Section II. C, the APCS 

loop closures as shown in Figure 3 were reduced to an equivalent set 

that conformed to the block diagram format shown in Figure C.l. The 

equivalent transfer functions were a consolidation of all the elements 

in each loop closure, including the thrust to power lever terms. The 

resultant diagram is shown in Figure 6. G represents the proportional 

w 

plus integral AOA feedback transfer function and is given by 



57. 3*1.389 j 



K 



K 



O' 



O' 



350.7 



w 



U 



0 



It s+i 
. a 



T (s+l/T ) 
e e 



K 



O'. 



-350.7 *57.3*1.389 + K 

L T Q' 
cy iy 



S + 



K +K T 
a cVj ct J 



U Q T^s(s+1/Tj (s+l/T J 



cr 



(7) 



Numerically 



1021. 5(s+0. 197) 
w T e s(s+2.857)(s+l/T e ) 



G^ represents the normal acceleration feedback transfer function. The 
effect of the 6.7 ft. offset of the accelerometer on APCS performance 
has been shown to be minor in the low frequency range [Ref. 1]. Thus, 
the offset was neglected in the equivalent system, simplifying the 
analysis . 

K *350.7 
n 

r = _ E 

z 32.2*T e (s+l/T a ) (s+l/T ) 



327. 2 

T e (s+1) (s+l/T e ) 



( 8 ) 
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G 



6 



e 



represents the UHT crossfeed transfer function and is given by 



K c -350.7s 

o 

r £ 

6 T (s+l/T ) (s+l/T ) 

e e x w y v e 

50,235s 

~ T e (s+0.435) (s+l/T e ) 



( 9 ) 



The theoretical analysis was confined to the APCS loop closures only; 

AFCS and ACLS loop closures were not considered. Justification for this 

procedure is given in Section IV. B. 

The closed loop transfer functions u/6 , w/6 , and u/u for the 

e e g 

standard APCS configuration were formed. The engine time constant, T^, 
was kept as a parameter, and root locus plots of the zeroes of the 
closed loop denominator and numerators were plotted to show the effects 
of engine lag. 

Since there are two feedback paths, as shown in Figure 6, the 
closed loop- denominator is defined as A 1 1 . It was derived by applying 
equation C . 5. 



T w 



= A + G N. + G N 



w AT 



z AT 



( 10 )' 



^AT W3S ex P an ^ e< ^ as 



a (sw-UqsQ) 

N irr = N Am 
AT AT 



sN W - U sN® 

SW AT VV 



(ID 



Equation 11 was substituted into Equation 10 to yield 



A" = A + G N™ + sG (nY - U„N® ) 
w AT z v AT 0 AT / 



( 12 ) 
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The expression was cleared over a common denominator, and the numerator 



expressed in two terms, one a function of T , to give 

U + 1/T V 

»i ' = 

a s(s+l) (s+2.857) (s+l/T ) 



(13) 



where 



U = s 2 (s+l) (s+2.857) A 

V = s 7 +4.913s 6 +9.241s 5 +10.91s 4 +6.153s 3 +1.240s 2 

+0.1810s-0. 007699 



The zeroes of A M were plotted as a function of 1/T^ by forming an 
artificial transfer function, G, given by 
1/T V 

^ — e 



(14) 



G represents the open loop transfer function in a unity feedback, single 
loop system. This form was adaptable to a documented root locus digital 
computer program [Ref. 9]. The closed loop characteristic equation for 
the artificial system was 



A* = U + 1/TV (15) 

1/T equal to zero represents an infinite engine lag, hence, a no thrust 
condition. Thus, the root loci originate at the open loop phugoid, 
short period, and control equation roots. The zeroes of the artificial 
closure represent the roots that would be obtained for the given APCS 
feedback gains if there were no engine delay. Figure 7 is a plot of 
the root loci. Only the loci above and on the real axis are shown. An 
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engine delay of 1.8 seconds occurs at the nominal operating thrust of 
3000 pounds. This value and the values at thrust levels of ±2000 pounds 
about the nominal value are indicated on Figure 7. 



Closed loop numerator zeroes were plotted for 


•<] 


, and N U 1, 


SJ 

std 


£J 

std 


U £J 

std 



where the subscript ff std M refers to the loop closures for the standard 
configuration. 




std 



N a + G at + G N * + G * C 
5 z 5 AT w 6 AT 6 AT 
e e e e 



U + 1/T V 

e 

s(s+l) (s+2.857) (s+0.435)(s+l/T ) 



(16) 



where 



U = S 2 (S+1) (s+2.857) (s+0.435)N^ 

0 

e 

V = -65.43s 7 -318.6s 6 -542.8s 5 -1024.6s A -718.8s 3 

-87. 79s 2 +0. 2346+1. 707 



Figure 8 is a plot of the zeroes of 



N* "1 for 1/T 
6 e] 
std 



variation. 




std 



0 0 




sG z U 0 N I 41 + B Il 

e e 



U + 1/T V 

e 

s(s+l) (s+0.435) (s+l/T ) 



(17) 
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U = s(s+l) (s+0.435)N™ 

6 e 

V = -2.155s 5 -511.6s 4 -782.7s 3 -343.6s 2 -68.90s-8.753 



Figure 



w“i 

9 is a plot of the zeroes of N^ for 

d 

std 



1/T variation, 
e 




std 



U = 
V = 



= N 



u 



G N U ™ + 

w u g AT 



a 

u z 

G A ^ 

g 



(18) 



U + 1/T V 

e 

s(s+2.857) (s+1) (s+l/T ) 

s 2 (s+2.857) (s+1) 

U g 

0.05453s 6 +0.2789s 5 +1.058s 4 +1. 7 16s 3 +1.141s 2 +l. 797s -0.007686 



Figure 10 is a plot of the zeroes of N 

• std 



q 



for 



1/T variation, 
e 



C. INVESTIGATION OF ADDITIONAL APCS INPUTS 

In studying the effects of additional APCS feedback variables, T^ 
was fixed at the nominal value of 1.8 seconds. The closed loop denomina- 
tor and numerators evaluated at this value are shown in Table VI. The 
additional feedback variables which were considered were combinations of 
proportional, integral and derivative of longitudinal velocity, u. As 

a result, the closed loop u/u and u/6 transfer function zeroes were 

g e 

not affected. Subsequent to each root locus analysis, a set of digital 
simulation runs, as described in Section III. A, were completed with the 
altered configuration. A summary of the RMS velocity errors is contained 
in Table VII. 
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Longitudinal acceleration feedback was first considered. The 



equivalent transfer function for u feedback, defined as G^ 



is 



350.7K* 

r . = 

u T (s+l/T ) 
e e 



With equal to 1.8 seconds, this becomes 
194.8K- 



s+0.56 



(19) 



The closed loop denominator, defined as A 1 1 1 , was formed by modifying 
A 11 as follows: 



su 



■ A " +G i N AT 



( 20 ) 



Figure 11 is a root locus plot of the zeroes of A* 1 1 as K^ was varied. 
In a like manner, longitudinal velocity feedback was considered. 
194.8K 



G = 

u 



s+0. 56 



( 21 ) 



The closed loop denominator was again defined as A 1 1 1 . 



A'" = A" + G N" ■ (22) 

u AT 

Figure 12 is a plot of the zeroes of A 1 1 1 as K^ was varied. 

A combination of proportional plus integral longitudinal velocity 
was considered next. 



Ga 



u 



194.8 

s+0.56 



K (1+K /s) 
u P 



(23) 



Values of from 0.1 to 0.5 were considered. Figure 13 is a plot of the 

zeroes of A' ' ' as K was varied with K equal to 0.5. 

u P 
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The final configuration considered was proportional plus derivative 



of longitudinal velocity. 



u 




(24) 



Figure 14 is a plot of the zeroes of A 1 1 1 as was varied with values 



of equal to 0.2, 0.5, and 1.0. The phugoid roots are indicated for 

all three values of K . The closed loop numerator for the w/6 transfer 

q e 

function was formed. 



rev 

The subscript "rev" refers to revised configuration. The resultant 
root loci for equal to 0.5 are shown in Figure 15. 

D. REVISED APCS CONFIGURATION 

Based on the results of the investigation of various inputs, a 
final APCS configuration was chosen. As compared to the standard 
system, this configuration had additional inputs of proportional plus 
derivative of longitudinal velocity with specific gains of 0.5 and 
2.0 for and K^, respectively. The revised equivalent APCS block 
diagram is shown in Figure 16. 

With the gains fixed at the values given above, root locus plots 




(25) 



for the zeroes of A 1 ! 1 




for 1/T variation were plotted and 



e 



rev 



are shown in Figures 17 and 18, respectively. 



Straight-line approximations to Bode plots for u/6 , w/6 , and 

e ’ e 

u/u were constructed for comparing the standard and revised APCS 
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configurations. The transfer functions are listed in Table VIII, and 
the magnitude portion of the Bode plots are shown in Figures 19 through 

21 . 
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IV. DISCUSSION AND RESULTS 



A. EFFECTS OF ENGINE RESPONSE 

Strictly speaking, the incremental root locus technique showing how 

\ 

the poles and zeroes of the APCS-equipped aircraft vary with the non- 
linear engine time constant is not valid. The use of root locus analyses 
is valid only for linear systems. However, an incremental root locus 
technique /has been used for stability analyses of systems with single- 
valued continuous nonlinearities [Ref. 10]. The system response is 
approximately defined by the instantaneous location of the roots, here 
a function of the instantaneous thrust. 

The initial conditions and the gust inputs used in the simulation 
were considered to be representative of those that an APCS/aircraf t 
system would be expected to encounter. Visual inspection of system 
response curves did not reveal -the thrust response nonlinearity; i.e., 
the curves were approximately sinusoidal in shape, indicating that the 
system performance could be evaluated by considering a fixed value of 
T^ equal to 1.8 seconds. The minor effect of the nonlinearity was due 
to the low variance of AT in relation to the size of the thrust 
operating range modeled. The dependence of the response on T^ was 
greater for the revised system, as can be seen by comparing Figures 7 and 
9 with Figures 17 and 18. This was a direct result of the increased 
capability to alter APCS performance with the longitudinal feedback. 

The analysis did not provide insight concerning the specific 
effects of a large engine lag on APCS performance. However, the 
limitations imposed on performance by a large engine lag were shown to 
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be less severe for a system incorporating longitudinal feedback. As 
reported in Ref. 1, the larger feedback gains or lead compensation 
necessary to improve the standard AOA system performance result in 
excessively overdriving the engine. The longitudinal feedback provided 
an increase in performance and a more efficient use of the engine. The 
thrust response induced was directly related to the damped natural 
frequency of the phugoid mode. As the frequency was increased, as in 
Figure 12 for increasing , peak to peak thrust values increased as 
well. However, for configurations in which the damped natural frequency 
was not appreciably increased, as in Figures 11 and 14, peak to peak 
thrust values were less than those for the standard configuration. 

B. EFFECTS OF ADDITIONAL APCS INPUTS 

As mentioned in Section III.B, the theoretical analysis neglected 
AFCS/ACLS loop closures. It was shown that these closures do not 
appreciably effect airspeed response for the system under study. Phugoid 
damping coefficients and damped natural frequencies were taken from 
the root locus plots of Figures 11 through 14 C Measurements of the 
period and the time to one half initial amplitude of the airspeed 
responses were then made for the closed loop simulations, which included 
AFCS and ACLS closures. The damped frequencies and damping coefficients 
calculated from these responses were within a few per cent of those 
predicted by the root locus plots. Thus, it was concluded that airspeed 
response as controlled by the APCS was not significantly altered by 
AFCS and ACLS loop closures. 

1 . Longitudinal Acceleration 

Only a limited increase in performance was achieved by the 

# 

implementation of u feedback, as only a minimal increase in phugoid damp- 



ing could be achieved. 
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2 . Longitudinal Velocity 

The addition of u feedback increased the absolute phugoid 
damping but provided only a minor increase in the damping coefficient 
and, therefore, no decrease in per cent overshoot. The most important 
factor was the increased damped natural frequency. It was considered 
necessary to keep the damped frequency near the level of that of the 
standard configuration, as a much higher value would prove unacceptable 
due to the rapid oscillations in thrust which would result. 

3 . Proportional Plus Integral Longitudinal Velocity 

The inclusion of an integral term had an adverse effect on 
airspeed response for an initial airspeed error. This was predicted by 
the root locus plot as shown in Figure 13. The response to a longitud- 
inal gust field was observed to be improved, as documented in Table VII 0 
This shows up in the root locus plots of Figures 10 and 13 as an approx- 
imate cancellation of the phugoid poles with u/u zeroes. 

* § 

4. Longitudinal Velocity Plus Acceleration 

The inclusion of a combination of proportional plus derivative 
of longitudinal velocity in the APCS provided the best increase in over- 
all system performance. For values of greater than 0.5, the damped 
frequency increases substantially with the feedback gain, . For a 
value of Kq equal to 0.5 a large increase in damping was achieved while 
the damped frequency was held nearly constant. Improvement of APCS 
performance rapidly diminished as K was reduced below 0.5. 

q 

A stable first-order pole was shown to approach the origin as 
longitudinal feedback gains were increased [Figures 12 and 14], and its 
presence was evident in the digital simulations. For the configuration 
described in Section IVJB4 with an initial airspeed error, a residual 
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airspeed error of opposite sign and with a value of ten per cent of the 
initial airspeed error remained and slowly decayed after the phugoid 
had essentially damped out. The effect of the pole was considered to 
be of minor significance. As shown in Figure 15, there was a correspond- 
ing zero in the w/6^ numerator. Consequently, the first order pole did 
not appear in the angle of attack response. 

C. FINAL CONFIGURATION 

The choice of the final, revised configuration was based on several 

factors: phugoid damping, damped natural frequency and gust response. 

A combination of longitudinal velocity and acceleration inputs was the 

only combination able to provide a substantial increase in phugoid 

damping while maintaining a constant damped natural frequency. The 

choice of the value of K* was somewhat arbitrary. For a value of 2.0 

u 

the effective longitudinal velocity feedback gain was 1.0, which was of 
the same magnitude as in unrts of volts per ft/sec; at a higher 
value of the airspeed input becomes dominant over AOA. Improved 
performance at a larger value of Kr was indicated by the root locus 
plot and was verified by simulation [Table VIl]. 

Longitudinal gust response was substantially improved for all 
configurations with longitudinal feedback. The most significant improve- 
ments, as indicated by the RMS velocity errors, were achieved for the 
configurations in which the damped natural frequency was increased over 
that of the standard configuration. The ratio of u to u feedback chosen 
represented a tradeoff between gust response and frequency criteria. 

Vertical gust response as measured in simulation was not appreciably 
altered. As that was expected prior to the study (Section I.C), there 
was no theoretical analysis attempted in that area. 
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For an initial altitude error for all configurations, the induced 
airspeed error was primarily an AOA, or w(t), transient which decays in 
five seconds. The induced airspeed error, u(t), was much smaller in 
comparison. Thus, the addition of the longitudinal feedbacks have a 
negligible effect on responses induced by an initial altitude error. 

Based on this result, it was concluded that airspeed response at push- 
over from level flight to glideslope acquisition would be unaltered. 

The frequency response plots of Figures 19 through 21 indicate the 
frequency range which was modified by the APCS revision. The amplitude 
plots for u/6 and u/u indicate this range was from 0.07 to 0.5 rad/sec, 
while only the amplitudes at low frequencies were attenuated in the 
w/6^ plot. The additional favorable effect of an approximate three dB 
attenuation at the phugoid break frequency of the revised configuration 
was not indicated on the asymptotic plots. 
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V. CONCLUSIONS AND RECOMMENDATIONS 



A. APCS CONFIGURATION 

Substantial improvement in performance is possible through the use 
of longitudinal feedback. However, only an acceleration term can be 
practically obtained with the current APCS, as it would entail only the 
implementation of an accelerometer signal. Once an airspeed feedback 
is considered, the need for an airspeed reference is required, necessitat- 
ing a major APCS redesign. An airspeed reference, manually set by the 
pilot, would not be acceptable. In addition to the added pilot respon- 
sibility mentioned in Section I, the combined AOA/airspeed system 
references would require airspeed reference accuracy greater than the 
pilot could be expected to provide. 

In summary, only limited improvement in performance is possible 
within current limitations. It is recommended that the current APCS 
design concept be considered for revision. Present day aircraft, such 
as the A-7E and the F-14A/B, have precise airspeed measuring equipment 
(air data computers) and digital computers on board. The possibility 
of utilizing those devices to accurately measure and reference airspeed 
for its incorporation into the APCS should be studied. 

The possible improvement of gust response gained by the revised 
APCS configuration is partially governed by the method of sensing air- 
speed. If an inertial device is utilized, the actual airspeed, u, is 
measured, but the term (u-u ) is measured if an air data computer is 
utilized. The effect of including the gust velocity in the sensed 
airspeed signal was to degrade performance below that gained by the 
revised configuration (e.g., the RMS value of velocity error for a 
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horizontal gust input was 4.1 ft/sec. With the gust velocity included 

in the feedback signal, the error was 5.0 ft/sec, still substantially 
improved over the original value of 6.3 ft/sec). 

Angle of attack response was not degraded by the inclusion of 
longitudinal feedback but, in fact, was improved. 

B. ENGINE RESPONSE 

The effect of the nonlinear engine time constant on APCS performance 
was shown, to be minor for the range of operating conditions considered. 

The limitations imposed on APCS performance by a large engine lag 
are much less severe for a system incorporating longitudinal velocity 
and acceleration feedback than for the standard angle of attack config- 
uration. 

C. THEORETICAL ANALYSIS 

Restricting the multiple loop control system analysis technique to 
the APCS loop closures was shown to be valid for an evaluation of air- 
speed control. The implementation of the method provided a systematic 
approach for the study of APCS performance. 

D. GENERALIZATION OF RESULTS 

The choice of a single APCS/aircraf t system for the analysis may 
restrict the validity of some of the results to that particular system. 
However, as all current Navy APCS ! s use the same basic AOA system, it 
is postulated that the general concept presented is applicable to other 
aircraft. Correlation of results with other systems should be attempted. 

The study was restricted to the fully automated carrier landing 
mode. The validity of the results for a pilot-controlled attitude loop 
should be investigated. 
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TABLE I 

AIRCRAFT GEOMETRY AND STABILITY DERIVATIVES 



STABILITY APPROACH 

DERIVATIVES PARAMETERS 



X 

u 


- 0.05435 


S 


375 ft 2 


X 

w 


0.064327 


W 


24,000 lb 


z 

u 


- 0.286953 


I 

yy 


68,000 slug-ft' 


z* 

w 


0 


MAC 


10.84 ft 


Z 

w 


- 0.528871 


m 


746 slugs 


M 

u 


- 0.000165 


h 


Sea Level 


M* 

w 


- 0.000289 


P 


0.002378 

ft J 


M 

w 


- 0.007964 


u o 


218 ft/sec 


M 

q 


- 0.327532 


a o 


12 deg 


X 6 


0.732836 


c.g. 


28.6 % MAC 


e 








\ 


-14.713536 


1 

X 


6.7 ft (ahead 
of c.g 


\ 


- 2.188878 






V 


0.001317 






Z AT 


- 0.000250 






m at 


0.000004 
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TABLE II 



CONTROL SYSTEMS PARAMETERS 



AFCS 

K q 1.9 rad/rad 

0 

Ki 1.0 rad/rad-sec 

0 

K n 3.0 deg/g 

z 



ACLS 

K 1/5.4 

c 



K 1.0 

x 



K 0.376 

P 

R 1.0 

x 



t. 1/15 



t 

r 



2.5, 



APCS 

K. 143.2 volts/rad 

o 

e 

T 2.3 sec 

w 

K 2.6 volts/unit or 

or 

K 0.55 volts/unit-sec 

O' 

I 

T 0.35 sec 

O' 

K 30.0 volts/ g 

n 

z 

T 1.0 sec 

a 
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TABLE III 



CSMP FUNCTIONAL BLOCKS 



General Fprm 


Function 

t 


Y = INTGRL(IC,X) 

Y (0) = IC 


Y = f Xdt + IC 
M) 


Integrator 


Laplace Transform: I 


Y = REALPL ( IC , P , X) 
Y (0) = IC 

I s Order Lag 


PY + Y = X 

Laplace Transform: , . 

r Ps + 1 


y = cmpxpl(ic 1 ,ic 2 ,p 1 ,p 2 ,x) 

Y(0) = IC 
Y(0) = IC 2 

Complex Pole 


Y + 2P^P 2 y + P 2 Y = X 

Laplace Transform: 

1 

2 2 
s + 2P 1 P 2 s + P 2 


Y = AFG en (FUNCT , X) 


Y = FUNCT (X) 


Arbitrary Function Gener- 
ator (Linear Interpolation) 




Y = RNDGEN(P) 

P = ANY ODD INTEGER 


UNIFORM DISTRIBUTION OF 
VARIABLE Y 


NOISE (RANDOM NUMBER) GENER- 
ATOR WITH A UNIFORM 
DISTRIBUTION 


p(Y) = Probability distri- 
bution Function: 

1.0 tr<l) ^ 

o| uo 
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TABLE IV 



AIRCRAFT STATE EQUATIONS MATRICES 
[A] 



w 



1-Z- 



w 



w 

1-Z‘ 



w 






[B] 



1.0 



M + 



M-Z 
w u 



u 1-Z‘ 



w 



M + 



M-Z 
w w 



w 1-Z- 
w 



M + 



M-U n 
w 0 



q 1-Z 



w 



X. 



X 



AT 



-X 



w 



"AT 



-Z 



-z 



w 



M* Z 
w 6 

M -f — 

n 6 1-Z- 
e w 



M-Z Am 
M +-5SLAT 
at 1-Z' 
w 



-M - 



M-Z 
w u 



u 1-Z- 



w 



-M 



M-Z 
w w 



w 1 -Z - 



w 
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TABLE IV (continued) 



[C] 



• 1.0 



1-Z* 



W 



W 



M Z 
w u 



'1' M + . 7 
xl u 1 -Z 



w 



M* Z 

‘1 I M ^ 
xl w 1-Z- 
w 



M-U n 
w 0 



•1 M -K _ 
xl q 1-Z 



w 



[D] 



M * Z 
w 6 

in + j — ~ — 

: V 6 1-Z* 

e w 



AT 



M'Z A ^ 
, w AT 



x\ AT 1-Z 



w 



0 


0 


z 


-z 


u 


w 


M-Z \ 


/ M-Z 



1 M 4 



w u 



xl u 1-Z* 



w 



1 M + 



w w 



w 1-Z* 



W , 



CE ] 



0 0 0 

0 0 0 

0 1.0 0 
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TABLE V 



. w 



N 



N 



AT 

e 

AT 



N 



AT 



w 



N„ 



N. 



N 



N 



r u w 

6 AT 
e 



N 



u e 

6 AT 
e 



N 



w u 



N 



6 AT 
e 

r w 0 

6 AT 
e 



N 



r u w 

V T 



N 



r u 0 



u AT 

g 



AIRCRAFT OPEN LOOP TRANSFER FUNCTION 
NUMERATORS AND DENOMINATOR 

= s 4 + 0.973939s 3 + U97797s 2 + 0.109846s + 0.070689 
= - 0.00025s 3 + 0.0003986s 2 - 0.0001281s + 0.00003824 
= 0.00000407s 2 + 0.00000422s + 0.00000320s 

= 0.001317s 3 + 0.001195s 2 + 0.002435s - 0.0001321 

«- 14.7135s 3 - 483.007s 2 - 26.3803s - 20.1217 
= 0.732836s 3 - 0.272704s 2 + 40.6515s + 33.4610 

= 0.054534s 3 + 0.0685976s 2 + 0.109846s + 0.070689 

= 0.0191945s 2 + 0.635365s - 0.0194913 

= 0.00288013s + 0.0013343 

= - 0.0191945s 2 - 0.635365s + 0.0194913 
= - 0.00060607s - 0.00085794 
= - 0.00039155s 2 - 0.00012806s + 0.00003824 
= 0.0000001131s + 0.00000320 
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TABLE VI 



AIRCRAFT TRANSFER FUNCTION NUMERATORS AND 

DENOMINATOR FOR STANDARD APCS LOOP CLOSURES 

T =1.8 SECONDS 
e 

A " = s(s+l) (s+2.857) (s+0.56) { C°*303, 0.278] (-0.263) 
(0.032) (-1.099)[0.346, 1.44] (-2. 89) j 

s(s+l) (s+2.857) (s+0.435) (s+0.56) { CO.504,0. 1823 
(0. 150) [-0. 176,1. 38] (-0.807) (-3.41) (49. 5) j 

T^TlHi +M)^ ■ 56) { [ 0 . 389 , 0 . 257 ] ( -0 . 253) 
(-0.584) (-1.05) (-32. 2) j 

(s+0 . 56) {[0.308,0.7161(0. 00948) 

• [0.0836, 1.74] (-1.58) (-3.37)| 

2 2 

Notation: [£ , cu^] represents (s +2£uu^-hju n ) 

(t) represents (s - t) 

positive £ and negative T represent stable roots 




s td 




std 




std 
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TABLE VII 

RMS VELOCITY ERROR SUMMARY 



APCS 

Configuration 


u Q = 5 
w q =-5 


V* 

"o 5 


Z =10 

e o 


Z =-10 

e o 


w =5 
8 


u =5 
g 
















Standard 


3.09 


2.87 


3.14 


3.06 


7.40 


6.26 


Long Accel 














K* =1 . 0 


3.02 


2.85 


3.08 


3.03 


7.01 


5.63 


U =2 . 0 


3.03 


2.91 


3.05 


3.01 


6.75 


5.28 


=3.0 


3.09 


3.00 


3.03 


2.96 


6.57 


5.05 


Long Veloc 














K =1.0' 


2.78 


2.57 


3.09 


3.05 


7.11 


4.16 


U =2 . 0 


2.69 


2.38 


3.05 


3.03 


6.72 


3.44 


=3.0 


2.59 


2.20 


3.01 


3.01 


6.40 


3.28 


Prop+Int u 
K (u+Jrfu) 
“K =1.0 


3.26 


2.95 


3.16 


3.11 


7.79 


4.46 


U =3 . 0 


3.88 


3.05 


3.10 


3.11 


6.23 


3.30 


Prop+Accel u 














K* (u+K u) 
u q ' 














K =1.0 














q K*=1.0 


2.65 


2.48 


3.05 


3.02 


6.76 


4.07 


U =3.0 


2.35 


2 .'30 


2.99 


2.98 


6.18 


3.55 


K =0.5 














q K*=1.0 


2.75 


2.60 


3.07 


3.02 


6.87 


4.61 


U =2 . 0* 


2.61 


2.48 


3.03 


3.00 


6.55 


4.06 


=3.0 


2.52 


2.41 


3.01 


2.96 


6.35 


3.84 


K =0.2 














V=1.0 


2.88 


2.72 


3.07 


3.03 


6.94 


5.12 


U =3 .0 


2.73 


2.64 


3.02 


2.99 


6.46 


4.33 



* Underlined values denote revised configuration. 
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AIRCRAFT TRANSFER FUNCTIONS FOR STANDARD AND REVISED 
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FIGURE 1. AIRCRAFT EQUATIONS OF MOTION 



Engine Thrust (lb) Engine Lag (sec) 





FIGURE 2. TF41-A-2 ENGINE CHARACTERISTICS ' 
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FIGURE 3. STANDARD APCS BLOCK DIAGRAM 
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FIGURE A. AFCS AND ACLS TRANSFER FUNCTIONS 




Step Size (sec) 

FIGURE 5. NUMERICAL INTEGRATION ERROR ANALYSIS 
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1021. 5(si-0. 197) 
w " T s(s+2.857)(s+l/T ) 

r = 327.2 

z T e (s+1) (s+l/T e ) 

= 50,235s 

°6 e " T e (s+0.435) (s+l/T ) 



FIGURE 6. STANDARD APCS EQUIVALENT BLOCK DIAGRAM 
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Operating Range 
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FIGURE 7. LOCI OF ZEROES OF A" FOR 1/T VARIATION 



( 0 . 59 , 7 . 49 ) 
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FIGURE 8. LOCI OF ZEROES OF N. FOR 1/T VARIATION 



0.4 
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FIGURE 9. LOCI OF ZEROES OF N* FOR 1/T VARIATION 
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FIGURE 10, LOCI OF ZEROES OF N FOR 1/T VARIATION 



Note: Axes Unequally 

Scaled 
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FIGURE II. LOCI OF ZEROES OF A' ' ' FOR K* VARIATION 



Note: Axes Unequally 

Scaled 
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FIGURE 12. LOCI OF ZEROES OF A' ' ' FOR K VARIATION 



Note: Axes Unequally 

Scaled 
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FIGURE 13. LOCI OF ZEROES OF A 1 " FOR K VARIATION; 
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FIGURE 14. LOCI OF ZEROES OF A' ' ' FOR K* VARIATION; 



Note: Axes Unequally 

Scaled 




57 



FIGURE 15. LOCI OF ZEROES OF N. FOR K* VARIATION; K =0.5 
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FIGURE 16. REVISED APCS EQUIVALENT BLOCK DIAGRAM 
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FIGURE 17. LOCI OF ZEROES A'" FOR 1/T VARIATION; REVISED CONFIGURATION 



1.8 sec 
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FIGURE 18. LOCI OF ZEROES OF N< FOR 1/T VARIATION; REVISED CONFIGURATION 



Standard Configuration 
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FIGURE 19. AIRSPEED REPSONSE TO ELEVATOR, BODE PLOT 



Standard Configuration 
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FIGURE 20. ANGLE OF ATTACK RESPONSE TO ELEVATOR, BODE PLOT 
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FIGURE 21. AIRSPEED RESPONSE TO LONGITUDINAL GUST, BODE PLOT 



CSMP COMPUTER PROGRAM AND SAMPLE OUTPUT 
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XTEMP1 = A (1 1 1 )*X1+A( It 2K X2+AC 1,.3)*X3+A< 1« 4)*X4+B< 1« 1)*ELEV 
+B( 1*2) tTHRUST + B ( 1 , 3) UGUST+B { 1 ,4)*WGUST 
Xl= INT GRL( XIOt XTEMP1) 

XTEMP2 = A ( 2 « 1 ) $-' X 1 + A ( 2 * 2 J X2+A(2» 3 )^X3+A( 2, 4>*X4+B( 2, 1 ) * E L E V 
+ B( 2.2)*THRUST+B(2.3K UGUST+B( 2 ,4)"WGUST 



> 


> > 












UJ 


UJ LU 












-J 


— J -J 












UJ 


UU LU 












ft 


ft 


























rH 


r -4 rH 












•» 


*• •- 












M" 


CM C 0 


























CO 


a o 






rW 






+ 


+ + 






X 








vt* 






ft 






X 


XX X 






CL 






ft 


ft ft ft 














— — «*•» rM 






+ 






* 4 “ 








r—i 








*. •* *- + 






CL 






4 -h 


•hcmHcoH 




in 








W-O0 






CO 


URU 






<rX 


ooooo 




• 


H H 






+ CD 


+ + o + o 




o 


X\ 






CO 3 : 


CO COX CO 3 : 




N 








Xvr 


XXft Xft 






H 








Vi — 




< 


H 00 






— >t 


■'»> 'A, vf 




X 


OX 






CO * 


COCO •'CO •■ 




Cl 


on: 






*■ 


•- »C\j ^co 




— 1 


XX 








rH CM CO ’ w * 




— < 


^H 






co 


wwQwO 




> t 


1 1 






< + 


00 + 0 + 




<> 


CL< 






+ H 


+ +H+H 




X< 


>-J 




M 


CM 00 


(MCMuO (MOO 




CLX 


uja 




M 


XO 


xxxxx 




-J Cl 


i ft 




+ 


ft O 


ft 04 0 




— <_j 


CL LUH 




CO 


— x 


— — 0 — 0 




H •*< 


rM — 1 • 




> 


CM ft 


CM CM ft CM '.r 




OO O ft 


2^ — H*~< 0 




Ji*. 


*• — » 


t' «► ^ 




X <vO 


h-« *> o oo <x n 




CM rH 


(M M"CO* 4 *r-lCMcOCOCO 




OO * >— QC O CJ X X CO 




CO — H 


CL *■ 






3 £*-(MLUH CL • < QCG.-^ 




H— | H - 7 


X <s+ 


XOOCMOCO 




1 J« 


-JO NJHNU * 




OUJ CM O O 


UJ— + ~ 


U-l + +~+W 




(M CX *■ 


UJQh< » 2 h <0 




OM — -—•>* O <X 


Hfflf— HHQr-iC 




xoo + HOv:.o| ►+ • 




X -cm co-:; co + 


XXX+XXX+X+ 




*-H • 


*0X0 




I O ^ H CM 


* 1 — 


* 4 '> H *4- H 


oo 


ft 2 O 2 ••-iOH *aCX w 


00 


cQ » H 


OO^^O^*'-c/)-**00 


X 


i -~4 1 — < ’*•*' 


ft O ^ ' »™l X CL -J 




oooo 1 Oft 


(\jr 0 fH 3 4 -HH 3 r ^3 


o 


uo ft _j in • ft coo^ O— joc 


o 


Uj -M* • » m’ • r — 1 


xx -qcx - *cx 


M 


vO UO CL coo CM O CL ft LU <t O 


1 


Mj 00 > 0 < 


ww^-X 


W^CMXCOX 


H 


f 0 lTlO 4 w • « JOI h H 


H 


wq:«wvh + 


~I~J — H-J~ — H—h 


<1 




• jrno< *w(^Z 


< 


jo-jjo-jrn 


O'oCCft- 


(XOOkOft 


X 


0020^4 1 UJO^<^-» 


' — \ 


QCH^QCCOD'H 


OO II — 


on ii — h — 


o 


tl II *— 


| O^OcXoOUcQ II 


s 


CZOC | O tl 


hhvtf\'h (MX CM' 


UJ 


>*-* u 


11 H II • II II OrMH 


UJ 


l-Hhh It HO 


2 ZCl • 


'XL ♦ 




<<<hZCLH(jo:iLZio 




2 ft 22 h 2 < 


HwSvTMh CMoCCO 


oo 


IIIGh> tl o<< II X 


OO 


►— • ^ *— • ¥-4 O •— 1 1 | — 


tl II UjW 


IIC —CL*— 


o 


Cl CL CL O II LU CL <[ CO II <T CL 


-J 


ti ii n ii a ti uj 


(MfQ l-CCsfUNGNQ 


CL 


,,l i ( 


*-!H w jNJKNLiJ t jX 


o 


U_ I CM cO CO X 


XXX + XI< +< + 


< 


<l «3 3 :UJZZZhQ.h 


< 


>-h 



in 



oo 

a 



< 

x 

a 

LU 

OQ 

o 



cc 

< 

H 

00 

M 

< 

CO 

O 

o 

o 

• 

rsJO 

< I 
-nJ- 
LOX 
m + 

• ^ 

oo 

•■< 

OH 

•LU 

OX 



a. co 

JX 

LU ft 
QC O' 
II « 

0£ t— < 

< II 
1 — > 
00 UJ 

<LUJ 



oc 

o 

(X 

or 

LU 



O 

a 

UJ 

> 

< 

H 

2 

o 

M 

HH 

O 

X 

o 

2 

< 



< 

o 



c£ 

uj 

> 



CM 

CX 

IX 



cx 

(X 

UJ 



cx 

o 

CMCMH 
y: + ^ 
K 

r-4 <\ J tl 

XXX 

II II x 

*— !(%' O 

(XCXCX 

UCXCX 

UJUJUJ 



ft ft £ 



n ft# 



a- z ft 



ft ft ft 



65 



TIMER F I NT I M= 30 . 0 * D ELT= 0 . 0 500 . 0 UTDEI= 0 . 10 ,PRDEL = 



2 
o 
oo x 

LU X — 

XUJ \ 

3 * X 

OOH- \ 

OOO st 

-J2 • \ 

ox o x 

X *h *4" 

-Jh- UL • 

o * -in 

<t <r ~ 

X-2 II LU 

00 CL X f\l 



u * 


o 


— 










'J* 


U-X 


CL 


** 




m 


rH 




m 


<t< 


X 


• # 




mmr- 


rH 


in 


h-m 


X CO 


UJ 


_l 




O <f00 


oo' 


m 


OOcvJ 


O PsI f— - 




UJ 


o 


CXOCO 


I s ” 


vO 


con 


Q-2io 


X 


> 


• 


mo cm 


O 


rH 


(MO 


< *2) 


h~- 


UJ 


ocoo • •tnooooo' 


om • 


CL O 


!—< 


— 1 


e f-H 


• oo • 


• • • 


• • 


• *o 


X>2 


o 




O (XI rH | | OOOOOCMOO 1 


H~ LU - 


— a 


H 














O ~i 


oo 












3: UJoo 


• LU — 


2 






CXI 




in 




o >o 


O 




min 


oo 




mm 


H>o : 


moo • 




o 


in^ 


o 




oo 


LLLUX 


XXOOOOQOO 


rH 


<t*v0 


OO 




OO 


<X -J H“ 


s:a :xms:s: 


• 


in oo 


o • 




ooo 


xuj - 


2 XXXXX 


2 

O' 

0 

0 

0 

2 


0 

0 

8 

0 

0 

0 

2 

9 


u *uj 


ox- >o 


- 


m • 


• • • • 


• • rH 


• • 


• *o 


xoxi 


(XUJ -00 2 




| OOOoOOQCMOOOO I 


►h <r * 


x ox 


o 












<U-<M 


LU~r-40 — 


rH 




rH 






I s - 


X ujx 


-OhDOh 




-nr- in 


vf 


I s - -t 


mcxj 


12 LU X •> 


h-O *~o 




mo 


00 rH (M 


O 


mm 


(MO 


oor-r- 


X O- 1-0 


— 


mco 


h-fOO 


o 


com 


OO 


^ I « X 


o osjoxmo 


m - (xi 


OhO 


o 


CM CM 


OO 


X<UJ 


O0 ♦*- O • 


m 


vom 


ooo 


o o in in 


oo 


M LU 


II sO^OOsO 




o • o *o • o o • 


• o o • • 


D X 


00 — h- II — 


h- 


•o 


• o *o 


• • rH o • 


• oo 


CUJH < 


2 uj<r ooiu< 


O 1 


0 

0 


OO 1 


1 OO 1 1 


IJZQ. 


Xh-XXh- 


2! 












LL 


X H-CL X H-cX 




(XJ 








t 2 >-^x x 


_j x x co x o 


m 


00 




in 




51H CL CL < LU X LL X 3 LL 


mo 


O vT 


s0 


m 


>tco< 




2! 




'th- 


OOCrH 


>* 


on 


HvOh CC 




►-« o 


O 


in oo 


ocxr- 


CO 


cco 


r-m< o 




X O 


o 


<t OCX 


om i 


r— < 


cxo 


• v0 0X2 




X o 


ocih • #o • r-<r 


o • o 


•OOvt *cco 




12 CM 


r02< CO 


• o • 


• CM • 


o • 


»H<f2h2 




H 


U JO 1 | 


0 

0 

0 

0 


1 o o | r— uj i/; UL' 



66 



ENDDATA 





o 
























o 








/ 
















o> 
























































CL 
















♦ 








O 
























»-H 
















O 








♦ 
















o 


1 






*— < 
















O' 








X 
















w« 








►— » 
















>- 








► 
















♦ 








3: 
























HH 
















o 








♦ 
















o 








>- 
















O' 








UJ 
















w» 








o 
















3: 








a 


CL 














•» 








x 


5 : 














— 








»> 


00 






















X 


0 














OCM 








UJ 
















o»— l 








o 


X 






















o 


CO 














>a» 








2 : 
















♦ _J 


00 






► 


a 














^ b- 


LU 






LU 


UJ 














0*-H 


-J 






— b- 


0 










— ■* 




Oh 


CD 






C\j M 


X 










X 




Q> M 


< 






r-A CC 


0 




00 






CL 




w «» 


hh 






r f~< 


0 




O 






< 




XX 


a : 






H r- 


CL 




CL 






C.L 




♦ 


< 






II CL 


Cl 




O 






Oin 


UJ 




> 






HH 23 






O 










o 






3: 


» t — 1 


1 /) 




UJ 






*■ •> 


HH 


o 


h* 




< 


♦ 


H 




CL 






H o 


H 


a> o 






CL 


^ _J 


X 










11 


X 


cl 


CL 




Q 


w 0 in 


KH 




> 






M r 


a 


x a 


h - 






UJ 00 r-< 


0 




CL 






♦in 


CL 


* 3 


X 




CL 


H _l > 


a 




O 






—co 




— IX 


a 




a 


a cl h * 0 






H 






M — — ^ — ■ — * 


a 


sO 00 *■ X 






LL 


—IX »-» -J r-4 


UL 




O 






w—* in 




-N00O 


LL 






ClO h- O 


a 




X 






h~ 00 f— l w* *W , «w *w 


►— i 


hjOH 


a 




to 


no *-■ 00 in 






a 


O 




XO 4* 1 — 1 — 1 — h~ b~ 


H 


xu<;zoo 






H 


zz — x in 


i — 




a 


CL 




CDXOOXXXXX 


H 


QCQUJh-i 


o 




X 




m 




a: 


OO 




XLJhOGOOO 


a 


x<- u 


X 




< 


*•» >— *«•% 


00 




h- 




to 


W I Cl X X X X X 




-JXJJ 






1 — 


O O «— O C0 O LO r— l 






X 


♦ 


h- 


— X II II II II II 


a 


2 00 CL 


oo 




00 


OOfNIO<OH I 


< 




KH 


*—4 *-* 


X 


*— r— { X 0m * •— *** *■ 




OC0OCL 


►-H 


'O 


x 


r-^HM^vorno^ccooH 


h- 


UJ 




11 ino 


►— < 


inwXooooooooto 


UJ 


2! 




II 


o 


* r w ► W r'— 10 II CNJ II 


< 


X 


O 


l^r-4 || 


c 


Hb II hhhhh 




to 4:- LU UJ 


X 


X 


o 


in ml— in h in b- 0 ty cl 


O 


X 


r— I 


wOO 


CL 


w X 00 CL Cl Q_ CL Cl 


M 


2 _J 


a 


CL 




WW<W<W<OXOX 




►— < 




in h 




OhZZZZZ 


X 


uj_j <Xcn 


< 


< 


a 


oozczo^zuho 


O 


b- 


Q 


cmocl 


a 


OXClXXXX^ 


ll 


x<t-x 


a: 


cl 


< 


<<0-<QC<QlwO O 


< 


X 


< 


<x 


< 


<w^:^xxxx 


LL 


t— < UJ < C 


o 


o 


UJ 


UJIUCLUCU-CLCOO 


LL 


0 


UJ 


O LL X 


LU 


UJLLX'-WWWW 


O 


QaCJQ 


x 




CL 


CLCLLLCLLLCLLL^^OX 


CL 


0 


QC 


O CL X 


CL 


CLm2X3>3> 












ino 0 0 0 in 




0 




in 




O Ln 












O O O r* 

h (\j cn 




cm 




CM 




ro m 


a 




u 




O 




O 




O 




O 





67 



LU 



CC 



LU 



cC 



LU 



CC 



LU 

H 

HH 

CC 



LU 



CC 



CL 

X 



O. 

x 



CL 

x 



CL 

X 



CL 

X 



O 

CO 

>- 



o 

CO 

>• 



o 

CO 

>- 



o 

CO 

>• 



o 

CO 

> 



o 



ZD 

o 

X 

II 



coo LU 
HfOD 
CL 2 
^O h 



2 2 
wUO 
NCU 

o 



o 

CO 

X 



H 



o 

CO 

X 

•* 

LU 



o 

CO 

X 

•> 

UJ 



o 

CO 

X 

•> 

UJ 



LJ 

co 

X 

•> 

UJ 

_J 

H 





♦— « 


H-t KH 


*— i 




H 








H 


H 


H H 


H 












H“ » 


►— < 


HH HH 


* — i 












f* 


*■ 


•* ► 


•» 












-J 


-J 


-J 1 


a 












UJ 


LU 


UJ UJ 


UJ 




>t 








CO 


CO 


cn o 


CO 












< 


< 


< < 


< 












-J 


-J 


— j -j 


-J 












*» 


•> 


«— % ♦> r 


*— 'O t* 












o 


AJO 


<no rsjo 


CNJO 




(X) 








*► — • 




rH •*“% r*~t ^ 


f- 












ClTH 


► Ol | — • 


*■ or h *>ol h * or j — 


* 










D </>«~«X co^ioco rjDoOHDi/) 












o< II o< 


II U< li 0 < H a< 












OjhQ JMOJHQ 


J'-'OJ 




COO 


CO 


CO CO 


CO 


a * 


v C 3 •■ 


-a - *o 


* -a e- 




1 - 


H 


1 — H~ 


h- 


Xor 


"'Zo: 




CL^XCU 




X 


X 


X X 


X 


*o 


►— * CD • — * •‘O' — ' ► 






CL 


CL 


CL I — CL 


CL 


z>»~" 


**»r* M 




O 


X 


X 


XXX 


X 


► *UJ •- *LU * *>UJ r 


e> LU *• • 


LA 


hO 


*— ih hhcl »-'• 


» — < 



XhJXhjXm jXhJXh 

»Ih ►Ih -XH *Ih -x 

COMM(/)WM(/)MhH(/)»-*M(/)h-» 

H r I — I — * 0 — H HI — ►hh * 

CL !2 »-4 CL S HH a 3 : >-* CL *-* CL 3 



X) r 3 

^>-~x 

'-'UiOw 

3 3:003 

< <Oc\<< 

CC OCX *lC 

o a rino 

x^ 

_J 1 LiJ O _j 

— I JO<J 

< < C u j < 

u 

CJ 



* X •> 

UJO^Uj 

0030 

cc\j<ro 

*inO ♦ 
Xw X 

UJ O ILL 

D<JO 

OLlJ<C 

zau>: 
u o 



X - X- 

—XX—XX 

O*— UJO^UJ 

oxooxo 
c\i<r cr\i<c 

•■a: X * o: X 

mo *lao » 

w X w X 

0 _jLL» 0 _JLL 

<jo<jo 

lu < a uj < a 
occs^us: 
u u 



LA 

*• 

LA 

r-JLA 

I 

or*— 

DH 

O I 

Oq: 
XX 
H O 

ora 

cj^ 

ax 

z*- 



o 

or 

a 



o 

CrT 

a 

x 



LA 

► 

O 

r— < vO 

I * 

H O 
OsO 



CL^ 

^ (3 j — ■ 

f O LA o (NLA O X CO 

II H(\I II H(\l II | 

CCw QTw HO- 
X CX OCo 
uchcci — iza 

0 < 0 <t CL^CO 

□aioauccu-hz 



H H X X 

X X XXClOkhO x 

CL CL 2 

X> X>h-.>h> > 

hhOhm »— < 

cc cc h oc x ct or 

hUJ HUJCOIUOUJ UJ 

coo cooxo a o 



LA 



O 

LA 



IA O 
LA \Q 



CO 


X 


X o o 


o 


oooca o a o 


or 


X 


ZDZujZ X 


< 


x< 


D< < X < x < 


o 




H X 




X 


X DhDHD 


<r 


o 


X H 


h- 


UJ_I 


UJJZ-JCO-J _J 


< 


5*0 


Z(J M 0 > 0(//0 


a 


^x 


HZh 2 X>X 




*-* 


| — H -4 ^ \— ►“ t >— « 




o 


COCOH 




coco 


CO CO > CO ZD CO LOCO 




>o 


> a cccudu 




r-H CL 


Q_ x CL I o. O CL 


a 


x< 


3 <INI<H< 1 X<I 



68 



FUNCTION TBCURV=-2100. 0 ,4. 0 ,-1800 .0 ,2 . 5 *-1500 



OO r-t 
i— i 

coco co 

vf co r- 

>0 c\| O 

omno 

• • • • 

OOOO 

I 



o-r 
r— m 
com 
cor\i 
rgio 

omo 

• • • 

ooo 

I 



OO CM 
mm co 
mcr- O 
nT sO o 
mco o 

0fMC~»0 

• • • • 

00*^0 



X 

(Y 



f^-o 

—•in o 
mcsi o 

-HO O 
OO o 
OQ^O 

• • • • 

oooo 

t 



< 

r 

i 

o 



OO 

mm 
o> m 
vO o 
coo 

O CM O 

« • • 

ooo 

I 



ON 

mm 

(MO 

00 

OO 

ooo 

• « « 

ooo 

1 I 



oo o 


oo 


oo o 


oo 


COO n 0 


ooo 


CnIM" M- 


vf -O 


m^ co 


H(T 1 




or- o 


• « « • 


« « « 


oM“Org 


OsT>f 



cm * m 



m o 

cm cm 



o 

o 

o 



o 

o 



o 

CM 

I 



O 














Ooo 




O' 


II 














ooo 




M* 


x 














Oom 




m 


► 














ooo 




O 


n 0 














OoO- 




f— i 


O' 














oomm 




OOO 


O' 














• • • • 




• • • 


r- 




m 










oco— «o 




OOCM 


• 




• 










-H 1 






O' 




o 




r5 






CM 






ii 




II 




o 












rj 




—1 


VO 


or 












co 




LU 


UJ 


r< 












* 


o 


C* 


or 


UJ 












LT 


• 


rt 


o 


» 












CO 


o 


Cl. 


C /1 


h- 






30 




O 


U 


il 


» 


CTJ 


vo 






cc 




o 


• 


o 


o 




O 






O' 




o 


n 


LD 


—H 1 


u 


cr 






O' 




O 


M* 


r-j 


• 




X 






m 




o 


ii 


* 


o 


-J 


h- 






hOOO 




OOO 


H 


O 


II 


O 


» 






* ♦ • i 




• « • 


co 


• 


_l 


<1 


< 






CMOOO 




CQOO 


• 


o 


u> 


V. 


-J 




X 


OO 


X 


H 


O' 


II 


o 


1/1 


CL 






1 


M 


CM 


CD 


o 


H- 


o 


» 




or 




(X 




M- 




x> 


IL 


or 




h- 




h- 




• 


X 


c 


< 


<i 




<1 




< 




vO 


* 


• 


X 


CL 




>: 




V 




'O 


o 


o 


o 


rvl 


K— 


i 




1 




II 


• 


o 


o. 


2 


CO 


< 


mo —> 


o 


O'^'T 


o 


o 


m 


<s 


* 


3 




roo -h 




Cf-rO 



O' 

o 



I 

h* 



000 s CO 

m-co r- 

s0 CM O 

omoo 

• • • • 

mooo 



O00 co 
O CO CM 
Oojm 
omo 

• • • 

r-imo 



o 




o 


• 


c 


ID 




1 — 


> 


or 




1 


1 


1 1 


vT 


« 


11 


o 


o 


c 




UL 


UJ 


X 










1 


» — i 


*— 1 


II 


o 


• 




< 


—1 


h- 












* 


<t 


O 


X 


o 




UC 


UJ 


» 










m 


O 




CM 


* 


• 




o 


» 


UJ 












« 


CM 


X 


m 


o 




cc 


o 


I'M 










• 


o 


> T 


* 


• 


CO 




• — 


<3 


• 










CM 


o 


CM 


o 


o 


II 




<2 


H 


CM 


<M 


•^o 


CM 


mo 


* 


o 


O 


• 


ii 


2 


X 




u* 


X 


oncoo 


mo 


CC 


m m 


O 


• 


♦ 


o 


CL 


*— ■ 


u 


IL 


X 


• 


II M 


mo 


o 


O'm 


• 


r- 


o 


II 


X 


1 - 




IM 


1 - 


r-i 


LL- LL U LL LL 




o 


«cc 


o 


CM 


II 


o 




2 


X 


1 


• 


X 


V, C o O C o 


mcc 


o 


COO 


c 


« 


c 


*— < 


h* 


• — 


or 


<3 


u. 




l 1 . oocLr 


^CMCC 


C CM’ O 


00 




< 


X 


2 


u 






r-^ 


IL 


JO'')CCC' 


• 1 


• • 


* • i 


1 


• 






< 




C 






or 


tccrcon 


mo o ^ 


Cm o 


* 


o 


5 : 


2 


H 


a 


c 


IL 


h- 


< i 


<•••»• 


1 1 


1 


I 


CC 


« 


< 


u 


vi 


u 


X 




2 


a 


•“ITCfllCHTH 










c 


O CC 


o 


2 


2 . 


I- 


h- 




U_ 


O' 








« 


o 


• < 


2 


C 




UL 




CC 


cc 


<1 II II II II It 








CM 


vf 


— a 


*— ■ 


CJ 


h- 


2 




a 


CL 


> 2 2 . _ 









c 

2 



SlLlL 

-cc 



2C(- 
~<X 3 

ix a c 



69 



7F AIRCRAFT WITH A °C / AF CS/ ACL CLCSURES RKSFX INTEGRATION 



m oj og eg og oj ogoj c\i <M og f\i (\J rg (M ojoj ogoi o j (\j c\i rvj rg cm rg rg oj rg r j og rg 
000000000 0000<-> l ->00o c ^000000000000000000tj00000 0000000000 ocmoooo 

Mil 

X LutuaiUJuioJUJUJuiUJii jUJUJuiLJjLULjjuJujiiJLUiuU-'ajujinaiUiLUujUJUJiuuiujLuujaiuJuiu 'UJajUJaHuU UJUiuiLLn-i'^JLj^ *-i 'Ujumtaju. 
z> r^(\i^ir>omvj->j-co.-n®^-^oo--«c\jfOh-oo oir>crir \— 4 ir\goj —(.- 10 ^ 0-00 .ftogg g- g gjO'-^oou-'igc '— in 
O fOc\jinm{\jir\ roO'NO'4*ooO'oo»OLnO'»3-0' inO'rnr\jooCT'ir\0 > 'sir\i vj-fNjCPOsO O'vj- ao I s - O ' ltv O co 

aL ocog>OLnO'cooMnrggcoog imo'r^iro cog I"- u* rr p- 0'<\im0'U'u'\ o •oo--<(NJC7'rsju">corMir\(\nnoo— • jvo 0(\) l nf^^H<rr>-oOcoOLnro 
aco^Hgr--(j'jorjr- ojOogg^OoojgcoojLnaocrooor'-'^o^ ; 'OLn'Or'“a'.^gr'-ogsoa'rjogggtf‘'>Li>Lr\.jo N GL;>or'-i s ''"r'' , '- r '~ r '~ c, o no '-7' 

lli • • • • • ••••• 

'^»^-<^H'4’o s «-< tv JfMrO'ToO'^H(\irsjroromrn'3' gg govTur* g)CO(j^.-4.-4^-i -H^rgoj rgrOrr mg g g g g gg g g g "tgg'fr <r <T gg 



0<-^^rjrgrgrjrgrjrjojrgogrgc\jrg«--«rjcgrjrjrj.— i.-4 0 j<\jrgrj(\jrjrg(\irgrgojrommrnrocciogrjrj^f\lrgrjrj •'gojogogojojcg^ojoioj 

o o^oono ooo^oo^oooo^oooooooo oo^o coo cm oo no oooocooooooooooo cmoooo 

h- UJUJUJUJUJUJUIUIILIUJUJU I UJUJ UJ Uj UJU-i UJ UJU 'III UJU lUjUJUJU 1 UJUj UJ UJUJ UJlLtU. U IUJUJU U l , UJ UJUJ U *U lL * i UJ UU IU UjU I II jOj UJUJLJ UJ UJ UJ 

uo t"-gc^>o> 0 'Ocog— <r-g c no* D'o-cgo' coinnino grONOrjLn ooo >oco g g.-n'-'m gm-noo ao>o *- h.- 4 ^cof-.f-o •C'Oog<x>rorjf s “coOvO'— • 
z> g ^moinvor- inOr-MO'g^^oj^.-HinirM mo- >om u'f'^joOf^rnf'gO'^O'C'mr^ggLnr- ooo,--4r'-.-<0'«-i'\igrggLn ltW cc o^m 
or r^NOcoinO'irtr jr-OLOvO^uornr^ o-gj jogrjc'jr-omr--x> jomLn^j- grjo^omLncr'omg rjc , <\i.-4 0 'm gm,<>ogr— a 

IOir\omggmmO«-HOOr-OU'rj^cogcc<\|0'.--<.-igmrjr'-C'y' r '*OOOComorJginmogCr'aoO'"*ogg 'gf^* O fOrO»j« O' fvJsO 



OcoOIO^-h-h^h^h— < r\jrOrO'3'rno"lf N J> N ’-^-iOsJrftrMOj>of v “Oj>j-irN>0^cr'0~ >c-h-h-h^-«— i— i^mi-imrgmmmmmmMm o^rsjro— tgiA 

I I I I I I I II I I I I I I I I I I I I I I I I I I | I I I I I I I I I I I 

f0|HOH-HHH(\jHO")O0HHHOOOH-lHOOOO ^OOnHOOG^OOOoOH(\|HOO ''QO hhOOOH H^OOoO 

OO r ^OOOoOoQ r ^OO'“>oOoOOOO^OOoOnaO'*>OOoOOOOOO0->OCJOOO , 0oOoOOOO'^OOOOOO 

I I I I I I I I III III I III II I I 

UJ UJ LLt UJUJ LLI U • LLI U- U 111 li-iUJU JUJiLlUJ UJUJ UJU UiU'UJlLJU.UiU’a’LjUJLJLl i U 'UJU LUJUJUJUJUJU iUIUjU lI'lLl! ILlJUll *UJU Mi lUJUUUUJU I 

jogogoga'O'aoo.-iirvg ojcovOroOroOCo — 4inf s -gifio gmir\*-M<\jirunir\f‘^mO' TO ^comg'0 —jo- ' ' > r\|0'o— , C T 'f K '-m—trjgmJ3rjr— 

r-rguoQ'irMof^rg .-^crg— 'OmoNOOo>o msc oji"- ojoaO(j'gc\j.-»gii'\g mf^r-^^muoh-o.-iOcMOCT'oovOOj rggg'O^g 

<1 — < lO -H 00 JD — < g O- o 1 Ovj uD ^ tn >0 CM ^ ^vrii^sO 0|h-<5- < ^HfNJ L nOiOco^H'C-^N>X)(jNCr'l^rNJ^-|NOf'-Or-»NOC)'vO^'^'0' r M^fNi^ir» 

-JOrnU' 0 >t^f s -ro^r- ■^Nh-!M>t s ;UoOLOHOC’tnf s ' oo oj'J g or- g- >o g rvjo-U' O "'<rOof'^>J'(N^(>-r\ioHn>j'rj'0 CT-* •rjf'- sOro 

a 

O ,-H 0- —* vO m OJ OJ O' 00 <— I — 1 <-* >0 —4 O' oj f\| —* O' LH iTi —4 --4 CNJ m m rO m — • c\| *-« m g of g <• g f\| m f- ^ ^ — < vO 'O —* ^ — < 1^* 00 f "\i INJ Osj 

I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I 

p j * < #-H (\J H r- H r _^ f — 4 r-H fH »H »— 4 *H p— ^ * — 4 p— ^ P— ^ f — 4 rH rH » — 4 r—i 1 — ( f — 4 » — 4 rH f \J » — 4 O O O O CO ^ * — 4 C\' »H O O CO 03 ^ 1 *-H *H C\J P—4 * — 4 p — 4 f — 4 C\J OJ 'H * — I CO r 1 CO r-4 P-— 4 C\J 

oo^oooouoooooooononoooouoonoooooonnoooooooooooouooooon O OQOOO 

I I I I I I I I I I I I 1 M | I | I I I I I I I | I I I I I I I I I i I I I I I I I 1 III 

LUUJUIUUUJUIUJtlJU LtjCUUi UJUJ LLULIli 'UJUJUJU.J UJU JU •UJU.jLj : U i U . UjLLJ l li U 1 LU’-'-JU U J UJ U 4 UJUJ UJLulill Jj I U 1 1 J U - ll 1 U i UjUJ IU UJ UlUJIUL UJUJ 
Ctl sj-^HO>rOOJ>TO'C ri o.jOO^O— *0'rO'0(Mf^>tOJ r, 0'>}-0-'4-u-NOr>0'- H ! >, ^cvl u, '0'' ( OsOC"0^0-HrHOV“^0( s J'OOr^rC)COino-0^ -1‘OO'O'd'J' 
< coc^c^ir\ojo^c3ojuo^ooco>o^o>r^ro^^^u3U>xiin>tU'UO<r--iO s /'r-P-Lr.(\jcr>t'OOogo->4-v}-oy-in^>ac-u'vi'sOC N 'Of*'i'£ia< s ooj*-i 
CO 0J(^v0r0'4'00>4-(^^jO.0sJC0>4*>000^a'U^ir\rn^i/>^O>4->4->t00'0'-i'0<-iC>u0O^-i^a0^H»-HOr , -r^0jr i 'l»-'U : ''^>0r0s0h->tOOC0>j- , NJvt-0- 
ojo<rLArsj>4''/'r , ^r^— ^of^'^Of^coo-JD^HO-^HoO'-' JOO O^^mOOoj^Oojin— u-usiO'rg— i.-o coco o-rg^istcj corn vOcOvOoj i-O't 'gh- 

♦ • 

OrgcOojvOOJoj^^>o<) o^ipP'cocoCoo~^-ir3>OJOU'h-cC)f^>rojfg>o--'-Hcgp-4^H(j','or’-og<--i .\ioJ'-H---i( 1 r'g''oc^i"'ifO'-i^oooj-£) r-4 ^ ^ O' rn ^ 

III I I I I I I I I I I I I I M I I I I II II II 

HHHHH^H H OHHHHHOOOH(\JHHr4HOOOOHHOOOOOOOnOrlOO “) o o o O O -i O ^ -4 —* o o o o —< 

OOnOOnOOOOO OQoOOUOoOOnOOOOOGOn^OOOonooOOOOOGOOOOOOoQOoOonOnO 

I I I I I I I I I I I I I I I I I II I II I II III I 

UJU.UjujU-UUUJUJU UJUjij LUUJUjUiUJUJU ujILluJ UJU.U.U u lL.Hjt.jU. I ■ ul* u l U l.'llMJlJjUIUJll U ■ <j 'UIL U LL u ujlu L U U.'LJIUUJ 
cl 03r^o vt'-'vooo-r- r>->OLCicgoj>4-o^Hr'cxjLr r- j3j' >o g- vj- od^ >0 O jouo< gc r g-o^Csin o^'coocj -oongr- co c o.O't— * rou' 
> rg PM 0^1^* 'j' O'O^H 1^.0 0«4- ; 7 ' r OO'COO-ot Of^Cv.r-. r: t- g- g- O Oj 0» UO ^ r~- O- —<r- . v ' 03 J3 ’i Oj ^ 03 nO L 1 " rg ^30- 00^- 

uj uococ'Lnoorococ'rj Ajr^^o'oc\mojroo'C'r^- -ococuc Jv0'og-ip|og>oc > o'm.t5c'' g- g-c\i'^>ou'i4-o^nu - >^ 'o—icocjcpg-<r'-i ^ONiPig-sOO 
-JOo>J'g.'3Qcor r i'Or^^oNOfM(vjorjOHNu‘', o-4^tn>}-pHO HH Oi/ , i'Oing‘< j —i m o g- g-gj ocjo gocs.ro ^- 4 g-g- otc'— 1—4 



O^g'inog.— (-HiTi— i>Q cO<— *uoco -— 1 ^-4 — 4 uo O'^h lT\ JOu" — 1 ^.— Ir- - 4 -N J rj - \jr>|Ogf\Joj^— •r- 4 — I<— <>— ir-H— 4 — <'-<r'-ao»- 4 — g r- 4 ^- 1^4 —40 

III I I I I I I I I I I I I I I I I I I I I I I I I 



cornrricomg'^Hnro oJojcnrong» r ioorO(nngt»*u' r if'"' s > gc\og(Mc\in''Oro>ogoj{Njojc\joj<\ic\ 'Oro.-n o'irir\r»o3,0f x i r o l rgr\iro fOo'iro ojrjcg 
nuo'.>on ocjnoooo<''oonoo°u r ' coo ^c 3 ot>o ■'oc otjoo 0 '"'oC''oc)OOooo r 'Ooooc' u-'ngou 

I I l I I l I 1 M l 1 l I I 1 1 1 l II I I I I 1 M 1 1 I I l 1 I 1 1 1 1 I I 1 1 1 1 I 1 I I l 1 I 1 1 l * I 1 I I 

UJU:UJLLiUJUJluUanUU UJU U ' L.> UJ LL. L* 1 U . LL Lt U. j j LL U. U , UHL' Uj U Uj U J IL U JLUiU UJ U-\u Ujlj UJ U’ tl *U UjUj U UJ I UJ LUU il* J U 1 Lu l' r ! l • Ull^j U' 

cci'Oo-O'gojgr^ojgmC' >o^ g o h-O'O — «^o >jjv-o uo ro ro o o-ingoiguoLT uo—tO -omxoj ^-'jog oo Oo oggooggj 

> 0 'ojo o'Nr-igoo(g'U(\u'Oggo.o(j(\|r - iucc > 4 j-' , ‘*o>,r«- r^g'c .ooj >o >o<m v ^ g (j co f'- vo' >c •- h u gOf\>-‘^ n oono 

tu 'OMC'ONmH l oir\jN- < r^'»n,’\j'o>j-H^ji' •£ .co g g— *oojog "ur3C'0s i '-'o- '".- - u' g u> gg 'n <j j' o >o o g — * o" >couog oo c> 
_jo^'Oror^-,'nojroa' r ^^^ ( ^aog-C ''0 0 '— o-or-u i^oM!-'OM^gC""i go3r- i r\r~-'j'o; ^ x r- c r- g ' ■ , ' nr* — • lj > o o 



0'-ginr°i-4.o^(Nir'-4r-icru3fM>orn jjNgojf>‘(Nju3^^^rHr4 r - ( , o^<3'- |pH <' A^ jiMOj-hO-vT rc-^rjggg gu'.o^-4sO l Mgo'r4^-H 

I I I l I I I l II l l l l I l l I I l I I I I I 

gcorocoicoro oOro cocgojf\irg'(\ rorn coog rgro ooro roc,, ojrg cgrg ogoj ojo oogrgc\ ojojojojrjog ojfOg roooro Oo" ooj ojoj <\' ro co oj oj oj 

Ooooootjoooouoouonuooooooooonoiuo^oooonoo^oooo^c'o^oooonnnoono 
I I I I I l I I I I l l I 1 I I I l I I I I | I i l I l I I l I l l II l I l I | I I l l l l I l I I I I I I 1 i l I I 

O U-UJU-UjU.LLU-.I.UljjU^UJlUU U JLL U »UJ IU Uj LU U.' U'L Ui Ll U .'UJlL U 1 U. UiU. UjUjU U.UJli U -U IuUjU UtU^U U UlL/U U.luU’ll. U< UJ U > ^ IL. U-> 

< ioooocnooNOioNgggu'g-3‘U'gooc , '-'g-r>-^rogrHf>.r>.ggccgrngfMoa'rvj'CmfOr-nO'ooio>oo('jngN u^cgsO^co 

h- Nmo^ggiringocoinhNiACMrH ^g 0'0.oj'ogocCvO<^^ l> ~o-Ho^'oc—‘u , '> , ^'LrroO'cO'Ogcc'x:— ' cqsojD— • rngoj'- ,r ^^ , °— 

Uj aogsOC'0'0'f-ir>-Hg^OLT<;— 'coO'— hjoCo'^ciou geo— 'r-O'Ojgo'oc'i^-cogcj^HO-ocji^-g 'Orogi^ojin>— 10 ^nOJin 

xor» oj-o^o-'~‘gcnnoo>oO'oog'Ocooco-Hh-(j'-HC'ou — <uncoo^ooogLr‘C'^cg 00 '— •o-g'oo'-'cco'u'r-jo-ij'trj— jgu^cjacorouor-H 



o^c\'ioo-j3LOro<\g-H^H— i— (^Jco^jg-H^U'io-Hgr-i^o^ ojojr'ojojoouo^Cs.ogguogcoioj^H ONoejgir.ggh-iH-4HirgHrH(\j 

I I I I I I I I l I I I I I I I II | I I I I I I I I I I I I I I I I I I 



(\HHHooH^noOOo n cOH^Hnr p-j^^ocoooo^oo' , ^«- ir 3 nco^'o^- 4 ^ oooo'^oo^^^jo o ooh-t 

n OUOOOOOOoOOOCOQ oc 000 ^ 00 ^ 00000000000000000000 ^ 000000 ooo ooo^o 

I 11 I I I I I I I I I I II I I 

IL* u. IL IU U UJ LL U U U- U- LLUJLL b U IL IL U , LL UJ IL. LL U. U LL U U LL LL LL LL U: LL ULLUU LL LL LL LL Uj U U UjLL l 1 U.U LL Ll LL’ll* U U. LL LL ILU. 

ojogvO— '(£/Ln*->cf > -<\a' 0 'ggco-cooor->o-c\crcofvLj'o^c^o-uogh-c , '^ucco 3 roir<og*“ir\vCnrooco-io / ~'c;oarx.»-u'Oc; 0 'Cg 
C'osjO'c\>o^'“C\ ojog i^-r-cgg — sog^cr 'Ogir'^co^ >cu'gro^>oro>oroo' 0 'or-rog>tr'girf^c'ggDirjo^-c''C^'Cc\gojo 
0 '-H(\go. J <\o-ccO'h-— (vO*“Cr^iro-'r>-fOir— o-r>-o>cg:vcg o^'^'Lr^o-roO^'ou'O^^o. f\.C 0 Lr*-j>i-g’“j'^r^>c r ^u' r ' rO| 0 " ^ ^ 
u-Croor«'CO'~mco^ih-gc'rgr'>ccoo-r-.g^H^-r' = oao^-^-^- 4 cr^C'grOLOLrNCr- o^r-cr-xvCr^u r-or-^^acro^o-xgir^u'm 

N I * « ♦ • • • 

ouocO'CO' — —i i<^ON^r- cgc\'mcoos^-ccir'r-^-<^-' 0 'c r i<\'“<\rogg-ggfo,^Hg(\g s cxc'*“C 7 'acf > ^sOgo'c\«— i^-r < 'g- j c\csc\^^g'O^H 

II l I I I I i i l l I I I I I i I i I I I I I I I | I I I M I I I 

HCCOOOOCOQCQCOCCC'CC-lHr-r-r-H r .Wp- H P-^^Hp.P-P- r H^r-H^HHJ-l- 4 -“. 

O 0 C 0 CO 00 n 0 CCCOC 0 O 00 CCO 0 CocCCCrCCO 0 CCCr'CCn 0 CCC''CCncU 0 C 0 CUCCC '0 

I 

< IL UL LL LL U U_ LL LL LL U U LL LL LL LL U LLLLLLLLLLLLLLLLLlU-LLLLU-UU-U-LLLLU. LLUjLLILU. U LL U U LL U LLU. UJILU-U-ILU-LLULLLLLLU. 

o oo c c o c oo o c c c O c c o O o c c o c c o c c c c C O o o o OC c o c c o c c c c r* c c o o c c C o c OC c c^ C 

LL OCOCCCOCCCCCCCCC^CCCCCCCCOCCO^COncCGCOCC n OUCOrcOCCOCOnCLCCOC 
5 . occc 0 o'ccc‘ccccc , ccc'ccciroircipcirciroirctrcirciroircipciroirou'circiccif' r ''j > circirc 
»-Cr cir^ircir circic oir circir cirr , c«-rHrg<N, r oroggLrLr> 0 >or- 0 “OCcco' 0 ' Co r-r-Mx^r^ ggiric s o>cM v - a: acO' 0 'C 

cc • • 

cl Cif'r-*“<\0vrc > foggioir<>cr^r-ccacaC7'f-^-^-»-^-— — p- — — r -,~.-.-.-,-.-.- t -rv.c\<\<\cv<\c\c\<\Osr\c\c\c\c\(\<\c\c\c\ro 



70 



PROBLEM DURATION 
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RMS GUST LEVEL: 5.3217 




CO 



Q. 



ZZZ 



h— 

ZD ZD 
Q. 

ZD Z> 

q: 

LiJ 



iZ 2. CO Ll J 

-3 

cn cn CO CD 

1— t— -7- 

zzDCE 

ID ID 

o o ZD 

o o 

+ + , , , 

Lu LlJ 1. 1-J J 

ooy-Q 
o o 1 ^ 

LD CM 



a: cr. 
CJ o 
cn co 
1 1 



CO CO 

z> o 

CL 
ID CE 



72 




a. 

r — 

2: 2: cn 

cn c n CL 
h- 1— 

* — • ' — ' — s 
JZ T. J 



o a 
□ a 

• + -‘'il 

L J 1 1—1 I I 1 J 

O O \— 
CJ o 

Li l n 



— 1 — 1 CD 
a: a; _, J 

O LJ > 

-L cn 



>c >- _f 



cn 

CL 

21 



m 

z> 

1 — 1 

cr 

Li. J 
O 



cn 



cr 

m 

_i 

cr 



cn 

cn 

□_ 

cr 



73 




CO 



a. 



a. on 

x_ _ 

. i— cn 

X. , 



CD t_ J X. _ 

z z J □ 
~ M CD 

cn ji CD 



xx CE 

ZD ZD 

o o 
°°LU 
x x 5Z _J 
O O t _ H c } 

Q Q . 



LD in , , 

JL ■ jj CO 

CD CD (_J 

^ ^ Li_j Q_ 

z > m a: 



STG 



74 




75 



X-SCflLE=5- 00E r +00 UNITS INCH. 

V-SCRLE-'l • 00E*01 UNITS INCH. 

UGUST US TIME 

RPCS INCL U RND DERIU U INPUTS 




?£D 



rrc 



76 



f\-SCRLF.-"5. 30E+00 UNITS INCH, 

H-SCRLE--J- 00[ : + 03 UNITS INCH- 

THRUST US TIME U GUST INPUT 
ARCS INCL U RND DERIU U INPUTS 



APPENDIX B 



GUST MODEL ANALYSIS 



To simulate a gust input for the CSMP simulation, a random number 
generator was used. The CSMP function RNDGEN has a uniform probability 
distribution function with possible values from 0.0 to 1.0. As the 
desired mean of the gust input was 0.0, a constant value of 0.5 was 
subtracted from the RNDGEN output. The output of the random number 
generator was passed through a CSMP second-order filter with a break 
frequency of 1.0 rad/sec and a damping coefficient of 0.707 and was 
multiplied by a constant to achieve an RMS value of 5.0. The following 
is a power spectral analysis of the gust model. 

Denoting the RNDGEN output signal in the frequency domain as X(ju)), 
the filter Fourier Transform as H(ju>), and the resultant gust signal as 
Y(jcu), the relationship between X(ju)) and Y(jo)) is shown in Figure B.l. 
The output power spectral 



density is equal to the input power spectral density multiplied by the 
absolute value squared of the filter Fourier Transform: 



The mean square value of the output, or average output power, can be 



X(jto) 



H(jcu) 



^ Y(.iuj) 



FIGURE' B.l GUST MODEL BLOCK DIAGRAM 




( 1 ) 
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_ 2 

y 



= C f , yy (0) = h J^yyO^ ** 
= h J ro | H(jtu) f %cx (jU,)dtU 

— CO 



( 2 ) 



y is defined as the RMS value of y(t). 

A typical time plot of x(t) is shown in Figure B,2 # 




FIGURE B. 2 RNDGEN Output vs. Time 

The random number generator output is a discrete value at each At, The 
resultant curve through the points represents the fourth-order Runge- 
Kutta approximation of the function. By approximating the curve by a 
series of steps, a rough approximation of the autocorrelation function, 
^(T), was determined. 

The autocorrelation function is defined by the equation, 

T XX (T) = x(t) x(t + t) dt (3) 

~ CO 

For the step series function utilized to approximate the RNDGEN output, 
each segment. At in length, is uncorrelated with every other segment; 
that is, 

<P xx OO =o | t | > At ( 4 ) 
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To determine cp p (T) subject to the restriction of Equation (4), x(t) 



was depicted as in Figure B.3 [Ref. B.l], By applying Equation (3) 



/N x(t) 
a 



-> t 



At 

2 



At 



FIGURE B,3 Plot of x(t) to Determine cp __ (T) 

XX 



to Figure B.3 and requiring that cp (t) evaluated T = 0 be equal to the 



1 xx 



variance, cp (T) was determined, 
xx 



cp (T) 
xx x 



- a 2 (- M + 1 



< At 



(5) 



The power spectral density can be expressed 



§ ( jco) = f cp (r)e ^ dT 

XX J XX 



( 6 ) 



By substituting Equation (5) into Equation (6) and noting that cp (T) 

XX 

is even function. 



2 1 

= 2ct x (“ ^ T + 1) coscoT 



(7) 



2a 



2 , 

co At 



( 1 - coscot) 



By successively applying L'Hospital's Rule 



§ ( 0 ) 

XX 



a 2 At 

X 



( 8 ) 
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$ (jcu) is periodic with a period equal to 2rr/At. For a small integra- 

tion step size with the filter cutoff frequency of 1.0 rad/sec, ^ ) xx (j uu ) 

is essentially flat in the frequency range of interest and can be 

considered a constant at the zero-frequency value shown in Equation (8) . 

For a second-order filter with a break frequency of 1.0 rad/sec, the 

magnitude of the transfer function, H( jcu) , squared has a -40 dB/decade 

slope for frequencies greater than 1.0 rad/sec. Based on the flat power 

spectral density at low frequencies and the filter cutoff frequency, 

the evaluation of Equation (2) was approximated by taking ( jco) as a 

xx 

constant at its zero-frequency value. The resulting integral was 



cp (0) = 

Y yy 



2 

a t 
x 



•u 



CD 



n 



, 2 2 
- 00 (jcu) + 2 £cd (joj) + a) 

J n J n 



d(JD 



(9) 



and was of a form tabulated in Ref. B.2. Substituting for ou and £ and 
evaluating, 

cp (0) = 0.354a 2 - At = y 2 

Y yy x 

At y = 5.0 ft/sec and At = 0.05 sec, 

°x = ^ ft/sec (10) 

In actual simulation the value of a ^ was strongly dependent on the 
RNDGEN used in the simulation, varying from 1.7 to 3.1 with a mean of 
2.4, all values falling below the predicted. RMS values of the input to 
the filter (the outputs of the RNDGEN 1 s) were essentially constant at 
the predicted value. The underestimation of the value of required 
to achieve the desired value of a was a direct result of the step 

y 

approximation tc the fourth-order integration. The reason for the large 
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variance in output RMS values was not determined but was suspected to 
be caused by the short run time. The length of each run was 30 seconds, 
or 3600 integration points. In the final model, a was adjusted to 
obtain the desired value of 5.0 ft/sec for o . 

y 
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APPENDIX C 



MULTIPLE LOOP CONTROL SYSTEM ANALYSIS 



The multiple loop analysis technique described below is derived 
and demonstrated for a general case in Ref. C.l. The technique is a 
procedure for expressing specific closed loop transfer functions of a 
multiple loop system in terms of the elements of the open loop, feed- 
forward and feedback matrices. The following is a two control input, 
three output example. 

Consider the system 



[A] (X) - [B] (6) + [C] {R} 



a ll* a 12 ’ a l3 


1 


jXi(s)' 




b ll’ b 12 


i 


6^3) 




C U’ C 12 


a 21’ a 22’ a 23 




X 2 (s) 


' = 


b 21* b 22 




6,(s) 




C 21’ C 22 


a 31* a 32’ a 33 




,X 3 (s) t 




b 31’ b 32_ 






C '3 1 ’ C 32_ 



( 1 ) 



Matrix elements are general and may contain operators. [A] is the open 
loop system matrix, {x} is a vector of variables, {6} is a vector of 
control variables, and {r} is a vector of external disturbances. The 
system will contain one feedforward and two feedback paths to drive the 







-> X r 



x. 



FIGURE C.l Control System Block Diagram 
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The control equation is 



«1 ■ ' h l X 2 - h 2 X 3 + V l«2 



( 2 ) 



The (s) notation has been dropped for simplicity. Substituting Equation 
(2) into (1) and rearranging 



11’ a l2 +h l b ll’ a 13 +h 2 b ll 




x n 


. a +h b . a_ +h_b 




x 


21’ 22 1 21’ 23 2 21 




2 


31’ a 32 +b l b 31’ a 33 +b 2 b 31 




. x 3 ] 











b 12+ Y i b u 




C ll’ 


C 12 


= 


b 22 +Y l b 21 


6 2 + 


C 21’ 


CM 

CM 

O 




b 32 +Y l b 31 




°3 1 ’ 


C 32 

J 



R, 



Rn 



(3) 



Equation (3) is represented by the matrix notation 



[A"] tx) = [»■] tS 2 ) + [C] {R} 



where A' 1 denotes two loop closures and B' denotes one feedforward path. 
The closed loop system determinant can be expanded into a sum of four 
determinants 



= A' 



3 11’ 


a 12 ’ 


a 13 




a ll’ 


b l b ll’ 


a 13 


a 21’ 


a 22’ 


a 23 


+ 


a 21’ 


b l b 21’ 


a 23 


a 31’ 


a 32’ 


a 33 


1 


a 31’ 


b l b 31’ 


a 33 



(4) 





a ll’ a l2’ b 2 b ll 




a ll’ b l b ll’ b 2 b ll 


+ 


a 21 ’ a 22 ’ b 2 b 21 


+ 


a 21’ b l b 21’ b 2 b 21 




a 31’ a 32’ b 2 b 31 


3 


a 31’ b l b 31’ b 2 b 31 
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The determinant with a subscript of 1 is the open loop system determinant. 



Number 2 is the numerator of the open loop X 2 / 6 ^ transfer function 

multiplied by h^. Number 3 is the numerator of the open loop X^/ 6 ^ 

transfer function multiplied by Number 4 is identically equal to 

zero, as the second and third columns are proportional. 

N X denotes the numerator of the open loop X/ 6 (s) transfer function, 
o 

Using this notation 5 Equation (4) becomes 



x^ 



4 + + v 6 ; 



(5) 



Equation (5) can be expanded for the general case to any order and 
number of closures as 



n-hn 



= A 



+ Z 

i=l 



n 



r 

j=l 



h..njj 

6. 



( 6 ) 



h.. represents the feedback transfer function from 6 . to x ( , 
ij i J 

is defined as the closed loop numerator of the 

X 2 > x 3 * S 2 8 1 

X ^/62 transfer function for the above loop closures. 

From Equation (3) 





x 2 > x 3 9 ^2 



b 12 + Y l b ll» a i2 + h l b ll» a l3 + h 2 b ll 
b 22 + Y l b 2l» a 22 + h l b 21’ a 23 + h 2 b 21 
b 32 + Y l b 31* a 32 + h l b 31* a 33 + h 2 b 31 



(7) 
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Expanding Equation (7) 







b l2’ a l2’ a 13 




Y l b ll’ a l2 ’ a l3 


xr 










N 6 

6 2_ 


= 


b 22’ a 22 * a 23 


+ 


Y l b 2l’ a 22’ a 23 


x 2 . 


x 3 ’ 6 2 6 1 


b 32 ’ a 32’ a 33 




Y l b 31’ a 32’ a 33 





b 12’ h l b ll’ a 13 




b l2’ a i2’ h 2 b ll 


+ 


b 22’ h l b 21’ a 23 


+ 


^ 22 9 ** 22 9 ^2^21 


\ 


b 32 ’ h l b 31’ a 33 




b 32’ a 32’ h 2 b 3l 



Inspection of Equation (7) reveals that three determinants have dropped out. 
Equation (8) can be rewritten as 





x x i x ? 

Y l\ + h l N 6 25l + 



X 1 X 3 

h 2 N 6 2 6 1 



where 



N 



X 1 X 2 

6 2 6 2 



'll* 


b 12’ 


a 13 


21’ 


b 22 ’ 


a 23 


31’ 


b 32’ 


a 33 



(9) 



Again, Equation (9) applies in general. 

In the following case the output variable is X 2 , one of the feedback 
variables. 



N 6 

X 2 




3’ 





a 


b rt +Y, b . 


a ~b _ _ 




11’ 


12 1 11’ 


13 2 11 


= 


a 2l’ 


b 22+ Y i b 2i’ 


a 23 +h 2 b 21 


6 2 - 6 X 


a 31 ’ 


b 32 +Y l b 3l’ 


a 33 +h 2 b 31 
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In the above notation 





x r 



x 2 x 3 



Y l\ + h 2 N 6 26l 



( 10 ) 



In Equation (10) another crossproduct was lost. This was a special case, 

but the notation of Equation (9) applies, noting that the lost term 

x 2 x 2 

would have been h-N e _ . A numerator of this form makes no sense and is 
1 o 2 o 

defined as identically zero. 

The following is a numerator of a transfer function of an output 
variable due to an external disturbance. 



N 



3 



x 2 , x 3 - 





C U’ a i2 +h l b ll’ a 13 +h 2 b ll 


= 


c 2l ’ a 22 +h l b 21’ a 23 +h 2 b 21 


6 2 - 6 l 


C 3 1 * a 32 +h l b 31’ a 33 +h 2 b 3l 


= 


X ' XX XX 

N + h N + h„N 

r i 1 r l 6 l 2 r i 6 l 



( 11 ) 



Equation (11) is similar to Equation (9), but the feedforwaid term is 

missing. The notation of equation (11) applies to any external input 

for which there is no feedforward term, either for another control 

variable or for an actual external disturbance, as illustrated. 

x 2 x 3 X 3 X 2 

It should be noted that c and N denote the same determinant; 

o i0 2 u 2 6 ^ 

i.e., rows are not interchanged. The latter notation would arise if 

x; <, 

were formed. 



N 



3 



x 2 > x 3 > $2 
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